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Abstract Indentation is a simple and nondestructive method to measure the mechanical properties
of soft materials, such as hydrogels, elastomers and soft tissues. In this work, we have developed a
micro-indentation system with high-precision to measure the mechanical properties of soft materials,
where the shear modulus and Poisson’s ratio of the materials can be obtained by analyzing the
load–relaxation curve. We have validated the accuracy and stability of the system by comparing
the measured mechanical properties of a polyethylene glycol sample with that obtained from a
commercial instrument. The mechanical properties of another typical polydimethylsiloxane sample
submerged in heptane are measured by using conical and spherical indenters, respectively. The
measured values of shear modulus and Poisson’s ratio are within a reasonable range. c© 2013 The
Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1305404]
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Soft materials have recently attracted increasing in-
terest with widespread applications in various ﬁelds,
including biomedicine,1–3 biomimetic materials and
structures,4,5 and transient electronics.6,7 For all these
applications, the mechanical properties of these soft ma-
terials are critical. In tissue engineering, hydrogels can
provide an appropriate mechanical environment for the
cell survival and growth.8,9 Stretchable electronics need
to overcome the fundamental mismatch in mechanics.10
Therefore, it is of great signiﬁcance to characterize their
mechanical properties in order to optimize the design of
these materials.11,12
Quite a few traditional techniques (e.g., tensile,
compressive and bending testing) have been developed
to characterize the mechanical properties of various ma-
terials at both macro and micro scales. However, most
of these traditional techniques are not suitable for soft
materials, mainly due to the special mechanical prop-
erties and geometric shapes, such as soft, wet, and
slippery.13 In the recent years, indentation as a simple
and nondestructive method has been proposed to mea-
sure the mechanical properties of soft materials such as
hydrogels.14–16 For instance, nano-indentation detects
displacements from 1nm to 20μm and forces from 10 pN
to 500 mN.16,17 However, there are several limitations
associated with exiting nano-indentation systems. The
sample for most commercial nano-indentation testers
should be dry, stiﬀ and non-viscous.16 Commonly, nano-
indentation is mainly used to regular materials testing
and costs a high price. One way to overcome these lim-
itations is to develop a micro-indentation system (MIS)
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with special designs (controllable temperature and hu-
midity), which could meet the requirements of accuracy
(with micro forces from 0.1mN to 5N) and environ-
ment of testing soft materials. Compared with nano-
indentation, MIS is more cost eﬀective and more conve-
nient to measure the macroscopic mechanical properties
of soft materials.
In this paper, we demonstrated an MIS that we
have designed and built to characterize the mechani-
cal properties of soft materials. We described in detail
the device components, indentation theory for the me-
chanical testing, method of operation, and indentation
experiments. In order to validate the measurement, we
compared the results of compression experiments with
the ones from a commercial device. Finally, to further
verify the method of micro-indentation, we measured
the shear modulus (G) and Poisson’s ratio (ν) of poly-
dimethylsiloxane (PDMS) submerged in heptane by us-
ing conical and spherical indenters, respectively.
The MIS consists of four parts, including principal
computer, control box, measuring platform, and vibra-
tion isolation table (as shown inFig. 1). A control box is
utilized to link the measuring platform and the principal
computer. In the control box, there are three modules,
i.e., data acquisition card, switchboard, and controller.
The data acquisition card collects the data of the loads
from the load sensor and the displacements from the
displacement sensor. The switchboard realizes the ana-
log conversion of the signals from principal computer,
data acquisition card and controller. The principal com-
puter will output the digital data of the loads and the
displacements, and control the whole system. The prin-
ciple frame of the system is shown in Fig. 2.
The instrument of micro-indentation consists of a
dozen of components. The key components are load cell,
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Fig. 1. Micro-indentation device.
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Fig. 2. Principle diagram of the micro-indentation system.
control card, nano-actuator, grating scale, stepping mo-
tor, camera, indenters, switchboard, and principal com-
puter. Table 1 lists the brand, type, resolving power
and measuring range information of main components.
The auxiliary equipment includes vibration control sta-
tion, shield and heating equipment. In addition, we use
a Hikvision camera to capture the image data in the
measurement. Indenters with diﬀerent shapes (conical,
spherical, and cylindrical) and sizes are prepared.
To test a sample, an indenter suitable for the sample
is ﬁrst installed and the controlling system is initialized.
Before starting data acquisition, the indenter is moved
at a low velocity driven by a micro-motor to ﬁnd the test
point. After starting the indentation test, all necessary
data are recorded during the loading and unloading.
In this work, we focus on the characterization of the
mechanical properties of PDMS submerged in the hep-
tane solvent with the most commonly used conical and
spherical indenters. The indentation theory of poroe-
lasticity is adopted to analyze the experimental results.
Sample preparation. We prepared the PDMS
elastomer by mixing the PDMS substrates and curing
agents, at a ratio of 10:1 (by weight). The mixture was
cured using a cylindrical mold of 3.5 cm diameter and
3.0 cm thickness, in an oven at 73◦ for 4 h (testing
of spherical testing) and 8 h (testing of conical test-
ing). The samples were submerged in heptane solvent
in preparation to testing.
Relaxation testing. The force relaxation curves
can be used to characterize the poroelasticity of PDMS
according to the related theories in the following
section.18 In the measurement, the force on the inden-
ter was recorded real-timely when an indenter is pressed
into a disk of swollen PDMS without initial strain to a
ﬁxed depth h.
Indentation theory of poroelasticity. The de-
formation and mass transport are coupled when the
PDMS submerging in the heptane solvent.13 The in-
dentation theories of poroelasticity are used to analyze
the force relaxation curves and obtain the parameters of
mechanical properties. In the short time limit, the gel
behaves like an incompressible elastic material with the
shear modulus G, giving the force on the indenter F (0).
In the long-time limit, the gel behaves like an elastic
material with shear modulus G and Poisson’s ratio ν,
giving the force on the indenter F (∞). The two limits
are related by18,19
F (0)
F (∞) = 2(1− ν). (1)
Poisson’s ratio ν can be obtained through Eq. (1).
When a conical indenter pressing into an incompress-
ible material (Fig. 3(a)), the force on the indenter can
be calculated as20
F (0) = 4Gah, (2)
where the radius of the contact depends on the depth
of indentation h as
a =
2
π
h tan θ, (3)
where θ is a half of the inner angle of the conical in-
denter. Shear modulus G could be obtained through
Eq. (2).
For a spherical indenter with radius R (Fig. 3(b)),
the corresponding relations are
F (0) =
16
3
Gah, (4)
a =
√
Rh. (5)
To verify the accuracy of the system, we compared
some experimental results with a commercial compres-
sion device (CMT6503, MTS, USA) with a force sensor
of 50N. We used the commercial compression device
and our micro-indentation device to compress the same
sample of polyethylene glycol (PEG). The Young’s mod-
ulus is calculated through the slope of the linear part of
the engineering stress–strain curves, which are obtained
from the force-displacement curves (as shown in Fig. 4)
divided by the area of compression. The diﬀerence of
Young’s modulus between the two devices is not over
9%.
The load–relaxation curves of PDMS submerged in
heptane solvent are recorded by using conical and spher-
ical indenters respectively. Figure 5(a) shows the load–
relaxation curves of diﬀerent depths of indentation (h=
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Table 1. Information of components.
Key component Brand Type
Size
Resolving power
Measurement
(L×W ×H) range
Load sensor U.S./Honeywell FS01
25.1mm×17.27mm
0.1 mN 0–5 N×8.26mm
Control card U.S./DMC 2143-DC24 —
Actuator
Israel/ AB1A-2A-HR-
—Micro-nano motor
Nanomotion Ltd. E2+HR2-1-S-3 50 nm 0–30 mm
DZMT42-1
Grating scale
Germany/NUM LIA20-N501-
—
ERIK JENA WA
Stepping motor
Beijing/Tian
DZXWJ-100R — 3.125 μm 0–100 mm
Rei Zhong Hai
Table 2. Mechanical properties of measurement.
Conical indenter Shear modulas Poisson’s ratio Spherical indenter Shear modulus Poisson’s ratio
h/μm G/MPa ν h/μm G/MPa ν
500 1.065 0.340 500 0.525 0.312
550 1.013 0.384 700 0.633 0.385
600 0.902 0.367 800 0.628 0.355
Average value 0.993 0.364 Average value 0.595 0.305 7
(b) Spherical indenter
(a) Conical indenter
Fig. 3. Indenters.
500, 550, 600 μm) recorded by using a conical inden-
ter with a half of the inner angle, θ=70◦. Furthermore,
Fig. 5(b) shows the load–relaxation curves of diﬀerent
depths of indentation (h= 500, 700, 800 μm) recorded
by using a spherical indenter of radius, R=10 mm. Ac-
cording to the indentation theories above, the shear
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Fig. 4. Validation of the micro-indentation system. Com-
parison of the engineering stress–strain curves between the
developed indentation system and commercial instrument.
modulus G and Poisson’s ratio ν are obtained. The an-
alytical results based on the load–relaxation curves are
listed in Table 2. They are consistent with the other
reference.13
In conclusion, a micro-indentation device is devel-
oped to characterize the mechanical properties of soft
materials. The device was validated by comparing
its measurements with the results obtained by a com-
mercial compression testing of PEG. The diﬀerence of
Young’s modulus is less than 9%. Taking PDMS as
an example, we obtain the load–relaxation curve with
diﬀerent depths of indentation using conical and spher-
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Fig. 5. Load–relaxation curve of PDMS with diﬀerent
indenters.
ical indenters respectively. The mechanical properties
(shear modulus G and Poisson’s ratio ν) are character-
ized successfully by analyzing the load–relaxation curve.
This micro-indentation device is proved to be useful for
testing the mechanical properties of functional hydro-
gels and biomaterials.
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